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Matrix-assisted laser desorption/ionization-collision induced dissociation (MALDI-CID) has
been employed for the analysis of poly(styrene) in a tandem hybrid sector–time of flight
instrument. Spectra are shown for adducts of poly(styrene) with copper and silver ions. The
distributions of fragment ion peaks were found to be consistent from precursor ions containing
both metal ions. It is shown how the masses of the end groups of the polymer may be inferred
from the mass-to-charge ratios of two of the series of ion peaks that are seen in the MALDI-CID
spectra. Mechanisms are proposed for the formation of some of the other series of ion peaks
that are observed in the spectra. (J Am Soc Mass Spectrom 1998, 9, 269–274) © 1998
American Society for Mass Spectrometry
The interest in the analysis of synthetic polymersby means of matrix-assisted laser desorption/ionization–time of flight (MALDI-TOF) mass
spectrometry has steadily increased in the last five years
since the first reports by Danis et al. [1] and Bahr et al.
[2]. Poly(styrene) is particularly amenable to ionization
by means of MALDI and numerous studies have been
published [2–14], with spectra from polymers with
average molecular weights of up to 1.5 MDa reported
[10]. Molecule ion species of up to mass-to-charge ratio
(m/z) 50,000 have been resolved using time lag focus-
ing MALDI [11]. Many preparation conditions have
been used, but most have involved the addition of silver
salts to promote cationization [2, 4–7, 9–14].
The data obtained for polymers from MALDI-TOF
experiments only give molecular weight information,
but structural detail may be generated by using tandem
mass spectrometry [13]. Collision induced dissociation
(CID) spectra of poly(styrene) have been reported for
precursor ions formed by both the field desorption (FD)
[15] and liquid secondary ion (LSI) [13] ionization
techniques. The low ion currents that are generated for
poly(styrene) by both FD and LSI ionization make CID
spectra technically challenging to obtain. Abundant ion
signals are, however, obtained from poly(styrene) by
means of MALDI. In this article we show the first
demonstration of MALDI-CID, recently used for poly-
(alkyl methacrylate), poly(ethylene glycol), and poly-
(ethylene terephthalate) polymers [16, 17], for the anal-
ysis of poly(styrene) in a tandem hybrid sector–TOF
instrument.
Experimental
Mass Spectrometry
MALDI-CID experiments were performed in an Auto-
Spec 5000 orthogonal acceleration (oa)-TOF (Micro-
mass, Manchester, UK) tandem mass spectrometer
equipped with a MALDI source. This hybrid sector-oa-
TOF instrument has been described in more detail
elsewhere [18, 19]. The nitrogen laser (l 5 337 nm) was
operated at a pulse rate of 10 Hz in the MALDI source.
The laser energy per pulse was approximately 80 mJ in
these experiments. The precursor ions, accelerated by a
voltage of 8 kV, were selected by MS-1 [double focusing
(EBE geometry, where E is an electric sector and B a
magnetic sector) mass spectrometer]. These ions were
decelerated to an energy of 800 eV and focused into the
collision cell. The precursor ion beam intensity was
attenuated by approximately 70% using xenon as the
collision gas. Ions exiting the collision cell were directed
into the oa-TOF analyzer (MS-2). The voltage pulse
applied to the oa-TOF is automatically timed to coin-
cide, because of the pulsed nature of the MALDI
technique, with the time at which the packet of precur-
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sor and product ions are passing through the orthogo-
nal acceleration chamber. The product ions are detected
by the microchannel plate detector which has a total
length of 150 mm. The full product ion spectrum was
therefore recorded by MS-2. All data were processed by
means of the OPUS software.
Sample Preparation
The poly(styrene) A and poly(styrene) B standards (1,
where R9 is a butyl group and R0 is hydrogen) were
obtained from Polymer Laboratories (Church Stretton,
UK) and used without further purification. The most
probable mass or peak average molecular weight (Mp)
and polydispersity values of these polymers, which are
estimated by the manufacturer using GPC, are 1300 and
1.08 for poly(styrene) A and 4750 and 1.03 for poly(sty-
rene) B. Dithranol (1,8-dihydroxy-9[10H]-anthra-
cenone) was purchased from Sigma Chemical Co. (St.
Louis, MO). Copper (II) chloride, silver nitrate, all-trans-
retinoic acid and anhydrous tetrahydrofuran were from
Aldrich Chemical Co. (Gillingham, UK). Analytical
grade tetrahydrofuran was from Fisons Scientific
Equipment (Loughborough, UK) and HPLC grade eth-
anol from BDH (Lutterworth, UK).
All solutions, except for that of silver nitrate in
ethanol, were prepared at a concentration of 10 mg
mL21. Solutions of poly(styrene), matrix (dithranol),
and copper (II) chloride were prepared in analytical
grade tetrahydrofuran and mixed in a 1:10:1 ratio (v/v)
before application of approximately 0.5 mL to the sam-
ple disk. This preparation was used previously to
obtain MALDI-TOF spectra of copper ion adducts of
poly(styrene) [12]. The polymer and matrix (all-trans-
retinoic acid) were both dissolved in anhydrous tetra-
hydrofuran and mixed in a 1:20 ratio (v/v) for analysis
of adducts of poly(styrene) with silver ions. This solu-
tion was then mixed with a saturated solution of silver
nitrate in ethanol in a 100:1 ratio (v/v) prior to depo-
sition of approximately 0.5 mL on the sample stage.
All-trans-retinoic acid was previously used to obtain
spectra from narrow polydispersity poly(styrene) sam-
ples with average molecular weights of up to 1.5 MDa
[10, 11].
Results and Discussion
The typical sample preparation conditions for the anal-
ysis of poly(styrene) polymers by MALDI-TOF include
the addition of silver salts to promote cationization [2,
4–7, 9–14]. It has recently been shown that the addition
of copper salts, however, to promote formation of
adducts of the polymer with singly charged copper
ions, leads to the generation of similar ion currents to
that seen with silver ions [12]. The MALDI-CID spec-
trum of the copper ion adduct of the 12-mer of poly-
(styrene) A, [M163Cu]1 which has a m/z of 1369, is
shown in Figure 1(a). Poly(styrene) A is a polymer
standard with a narrow dispersion of oligomers and an
average molecular weight of approximately 1300 Da.
Poly(styrene) standards of this type have been analysed
by means of MALDI-TOF and it has been shown that
the estimated average molecular weight values agree
well with those obtained from size-exclusion chroma-
tography data [4–6].
The signal-to-noise ratios are much higher in the
MALDI-CID data [Figure 1(a)] than those seen in the
LSI-MS/MS spectrum from a [M1107Ag]1 precursor
ion with a m/z of 1622 [13]. The MALDI-CID data is
also considerably more reproducible as the preparation
is far less crucial for this experiment. Relatively low ion
signals are observed, at best, in the LSI mass spectra of
poly(styrene) and MS/MS spectra are technically chal-
lenging to obtain [13]. The distributions of fragment ion
peaks are, however, very similar in the spectra obtained
from precursor ions generated by both ionisation tech-
niques. Similar distributions of fragment ion peaks
were observed in the CID spectra from ions of poly(m-
ethyl methacrylate) (PMMA) oligomers that were
formed by means of LSI [13] and MALDI [16] ioniza-
tion. The MALDI-CID spectrum is dominated by three
series of fragment ion peaks which are observed at low
mass-to-charge ratios. The ions from each series are
separated by a mass-to-charge ratio that is equivalent to
multiples of the mass of the repeat unit of the polymer
(104 Da). These series are labeled A, B, and G in Figure
1(a). All of the fragment ions in the spectrum, except a
few at low mass-to-charge ratios, retain the cation
(Cu1). This was verified by acquiring the MALDI-CID
spectrum from the [M1107Ag]1 precursor ion (data not
shown). Those ion peaks that retained the cation were
shifted in mass-to-charge ratio by the difference in the
mass of the 107Ag and 63Cu isotopes (44 Da). Most of the
fragment ion peaks that were observed in the LSI-
MS/MS spectrum from the [M1107Ag]1 adduct ion also
retained the cation [13]. A more detailed comparison of
the differences in the MALDI-CID spectra obtained
from [M1Cu]1 and [M1Ag]1 precursor ions of poly-
(styrene) oligomers is beyond the scope of this article
and will be given in a future article [20].
The A and B series of ion peaks may be used to infer
the masses of the end groups of the polymer, as shown
in the fragmentation scheme in Figure 1(b). Ion peaks,
with the equivalent mass-to-charge ratios (namely,
shifted in mass-to-charge ratios by the difference in the
mass of the cation), were observed in the MALDI-CID
spectrum from the [M1107Ag]1 precursor and most
were also seen in the LSI-MS/MS data [13]. These ion
peaks are proposed to be generated by direct cleavage
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of the polymer backbone at a secondary carbon, with
charge retention (Cu1 or Ag1) on the portion contain-
ing that carbon. These cleavages occur near either of the
chain ends of the polymer [Figure 1(b)]. These ions are
probably distonic radical cation species. Distonic radi-
cal cations were also proposed to be generated by
means of CID from sodium ion adducts of PMMA that
were generated by LSI ionization [13]. The formation of
ions of the G series, also seen at low mass-to-charge
ratios, is discussed below.
It is proposed that the mass-to-charge ratios of the
two series of fragment ions in the MALDI-CID spec-
trum that may be used to infer the masses of the end
groups of a poly(styrene) polymer (1) will be [M(R0) 1
90 1 104n 1 M(Cat)] and [M(R9) 1 104 1 104n 1
M(Cat)], where M(R0) and M(R9) are the masses of the
end groups R0 and R9, respectively, and M(Cat) is the
mass of the cation. The combined masses of the end
groups may only be inferred from MALDI-TOF data for
polymers [17].
The ion peaks of the G series are observed at odd
mass-to-charge ratios in the MALDI-CID spectra of
poly(styrene) A. This indicates, as these fragment ions
are proposed to retain the cation, that they are formed
by rearrangement reactions rather than direct cleav-
ages. The mass-to-charge ratios of the ion peaks of the G
Figure 1. (a) MALDI-CID spectrum of [M163Cu]1, m/z 1369, of the 12-mer of poly(styrene) A. All
fragments ions retain the cation (Cu1) except where denoted by an asterisk. The A and B series are
observed at m/z of 154 1 104n and 224 1 104n, where n is 0–2. The G series is seen at m/z 167 1
104n, where n is 0–2. (Inset—expansion of m/z 400 –1330. The C, D, E, and F series are observed at
m/z of 223 1 104n, 91 1 104n, 161 1 104n, and 257 1 104n, respectively, where n is 3–10. The
a and b series are seen at m/z of 167 1 104n and 237 1 104n, where n is 1–10.) (b) Proposed
fragmentation pathways of [M1Cu]1, m/z 1369, of the 12-mer of poly(styrene) A showing how the
A and B series may be used to infer the masses of the end groups of the polymer.
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series are equivalent to multiples of the repeat unit
mass of poly(styrene) plus the mass of the cation. These
ions are proposed to be generated by at least two
rearrangement reactions from the precursor ion. These
internal fragments would therefore be expected to be
seen at low mass-to-charge ratios and the mechanism of
formation may be thought of as similar to that of
immonium ions from molecule ions of peptides by
means of CID. The proposed structures of the ions of
the G series is shown in Figure 2. Ions, thought to be
formed by a similar mechanism, were observed at
analogous mass-to-charge ratios (equivalent to the mass
of multiples of repeat unit of the polymer plus the
cation) in the MALDI-CID spectra from poly(alkyl
methacrylate)s [17]. These ions were also thought to be
formed by at least two hydrogen rearrangement reac-
tions from the precursor ion, to generate an internal
fragment species.
An expansion of m/z 400 to 1330 from the MALDI-
CID spectrum of poly(styrene) A is shown in Figure
1(a), in which six other series are labeled a, b, C, D, E,
and F. These ion peaks are again separated by mass-to-
charge ratios that are equivalent to multiples of the
mass of the repeat unit of the polymer. The a and b
series of ion peaks were observed in the LSI-MS/MS
spectrum of a [M1107Ag]1 ion of poly(styrene) [13] and
their structures were proposed to be analogous to those
of ion peaks seen in FD-MS/MS data [15]. The corre-
sponding ion peaks for the C, D, E, and F series were
not observed in the LSI-MS/MS spectrum, however,
from a [M1107Ag]1 precursor [13]. These four series are
seen in the MALDI-CID spectrum from the [M1107Ag]1
ion of the 12-mer of poly(styrene) A. This is probably a
consequence of the higher signal-to-noise ratios for
MALDI-CID experiments in the hybrid sector-oa-TOF
instrument over LSI-MS/MS in a four sector instrument
[13]. Although these four series of ion peaks are seen at
relatively low intensities in the MALDI-CID spectra,
their signal-to-noise ratios are still very high [Figure
1(a)].
The C, D, E, and F series of ion peaks are proposed
to be generated by means of 1,5-hydrogen rearrange-
ments, as shown in Schemes I and II. These mechanisms
involve cleavage of the polymer backbone, loss of
benzene, and formation of fragment ions and neutrals
with unsaturated ends. Scheme I shows the proposed
generation of the ions from the C and D series and
Scheme II those from the E and F series. Analogous
mechanisms were proposed for the formation of frag-
ment ions from sodium ion adducts of poly(alkyl
methacrylate) polymers [17].
The same series of fragment ion peaks were also
observed in MALDI-CID spectra that were obtained
from precursors of higher mass-to-charge ratios from
other narrow dispersion poly(styrene) polymers having
higher average molecular weights. The highest mass-to-
charge ratio of a precursor ion from which a MALDI-
CID spectrum was obtained was 4951. This was ob-
Figure 2. Proposed structures for ions from the G series, seen in
the MALDI-CID spectra of poly(styrene)s.
Scheme I. Proposed mechanism for generation of the C and D
series from poly(styrene).
Scheme II. Proposed mechanism for generation of the E and F
series from poly(styrene).
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tained from the [M1Ag]1 ion of the 46-mer of
poly(styrene) B. This MALDI-CID spectrum is shown in
Figure 3(a). It may be discerned that the signal-to-noise
ratios of the fragment ions are still relatively high in this
spectrum. This mass-to-charge ratio of the precursor ion
was the high limit for these experiments, however, as
the magnet has a mass range of up to m/z 5000 in the
configuration employed. The precursor ion signal was
quite abundant at this mass-to-charge ratio and spectra
would probably be obtained if the mass range of the
magnet was increased. It has been shown that, when the
accelerating voltage is reduced, CID spectra may be
obtained in the AutoSpec 5000-oa-TOF instrument from
precursor ions with higher mass-to-charge ratios [18].
The spectrum shown in Figure 1(a) was obtained by
selection of the monoisotopic peak from the 12-mer of
poly(styrene) A. The MALDI-CID spectrum of poly(sty-
rene) B shown in Figure 3(a), however, was generated
by passing the most intense region [a mass-to-charge
window of approximately 3, as the precursor ion reso-
lution was 1500 (10% valley definition) in these exper-
iments] of the isotope distribution of the [M1Ag]1 ions
of the 46-mer into the collision region. The fragment
ions in the spectrum are consequently observed for both
the 107Ag and 109Ag isotopes. There are therefore peaks
observed for the A, B, and G series that are separated by
a mass-to-charge ratio of two. The A, B, and G series of
ion peaks are again observed to be the most intense in
the MALDI-CID spectrum and are again only seen at
low mass-to-charge ratios (below m/z 1000). Figure 3(b)
indicates how the mass-to-charge ratios of the peaks of
the A and B series may be used to infer the masses of
the end groups of the polymer. The fragment ion
resolution is less than 500 (10% valley definition) and
the peaks with mass-to-charge ratios that are greater
than 1000 are not resolved and they contain a contribu-
tion from both the 107Ag and 109Ag isotopes. This may
be observed in the expansion of m/z 1300 to 2300 which
is shown in Figure 3(a). This expanded region of the
spectrum also shows that ion peaks from the a, b, C, D,
E, and F series are also seen. The signal-to-noise ratios,
however, are much lower than those observed in
Figure 3. (a) MALDI-CID spectrum of [M1Ag]1, m/z 4951, of the 46-mer of poly(styrene) B. All
fragments ions retain the cation (Ag1) except where denoted by an asterisk. The A and B series are
observed at m/z of 198 1 104n and 268 1 104n, where n is 0–9. The G series is seen at m/z 211 1
104n, where n is 0–2. (Inset—expansion of m/z 1300 –2300. The C, D, E, and F series are observed
at m/z of 267 1 104n, 135 1 104n, 205 1 104n, and 301 1 104n, respectively, where n is 10–45.
The a and b series are seen at m/z of 211 1 104n and 281 1 104n, where n is 2–40.) (b) Proposed
fragmentation pathways of [M1Ag]1, m/z 4951, of the 46-mer of poly(styrene) B showing how the
A and B series may be used to infer the masses of the end groups of the polymer.
273J Am Soc Mass Spectrom 1998, 9, 269–274 MALDI-CID OF POLY(STYRENE)
MALDI-CID spectra from precursors with lower mass-
to-charge ratios.
Conclusions
The signal-to-noise ratios of fragment ion peaks that are
observed in the MALDI-CID spectra of poly(styrene)
polymers have been shown to be much higher than
those in LSI-MS/MS data [13]. The improved resolution
resulting from the MALDI-CID technique in the Auto-
Spec 5000-oa-TOF and the ability to analyze precursor
ions with higher mass-to-charge ratios make this tech-
nique a more potent tool for the structural characteriza-
tion of poly(styrene)s. These results, combined with
those obtained for poly(alkyl methacrylate) polymers
[17], indicate that MALDI-CID should be very useful for
the generation of end group and further structural
information for these systems.
It is proposed that the two series of ion peaks that
may be used to infer the masses of the end groups
(labeled A and B in the data above) may be differen-
tiated from other peaks in the MALDI-CID spectra as
they are very intense at low mass-to-charge ratios and
are separated by the mass of the repeat unit of the
polymer. Furthermore, the sum of the mass-to-charge
ratios of an ion from each of the A and B series plus
that of a number of repeat units of the poly(styrene)
polymer is equal to the mass-to-charge ratio of the
precursor ion plus m/z 49 when the precursor is
[M163Cu]1 and m/z 93 for [M1107Ag]1. This may be
represented as
m/z~precursor! 5 m/z~A! 1 m/z~B! 1 M~P!n
2 M~Cat! 1 14
where m/z(precursor) is the mass-to-charge ratio of the
precursor ion, m/z(A) and m/z(B) are the mass-to-
charge ratios of any ion from the A and B series
respectively, M(P) is the mass of the repeat unit of the
poly(styrene) polymer, and M(Cat) is the mass of the
cation.
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